INTRODUCTION {#SEC1}
============

Since 2015, \>1000 reports on the generation and application of nucleic acid aptamers that bind to target molecules have been published each year. There are many modified methods for aptamer generation based on the evolutionary engineering method called SELEX (systematic evolution of ligands by exponential enrichment) ([@B1],[@B2]) using DNA, RNA or modified nucleic acid libraries ([@B3]). Nevertheless, only a few types of aptamers have practical uses including modified DNA aptamers, such as SOMAmers ([@B13]) for diagnostics, and the modified RNA aptamer pegaptanib (Macugen) ([@B16]) that binds to vascular endothelial cell growth factor-165 (VEGF~165~) for the treatment of neovascular age-related macular degeneration, although several aptamers are currently in clinical trials ([@B19]). The affinities of the aptamers generated so far vary widely, and the *K*~D~ values of typical nucleic acid aptamers that bind to proteins range from 10^−12^ to 10^−6^ M. However, until now, there have been no reports that systematically examined the correlation between aptamer affinities and their applicabilities for practical use. To this end, a series of aptamers with different affinities that bind to the same area (epitope) of target molecules in similar binding modes is required as molecular affinity rulers. However, it is not easy to prepare such aptamer sets using conventional aptamer technologies, because of their limited affinities.

Previously, we developed a new method to generate high-affinity DNA aptamers by introducing an artificial fifth base (unnatural base), using genetic alphabet expansion for SELEX (ExSELEX) ([@B22]). Adding just a few (one or two) hydrophobic unnatural bases (7-(2-thienyl)imidazo\[4,5-*b*\]pyridine, Ds) into DNA aptamers significantly augments their affinities to target proteins and cells ([@B22]). The unnatural-base DNA (UB-DNA) aptamers targeting vascular endothelial cell growth factor-165 (VEGF~165~) and interferon-γ (IFNγ) contain two essential Ds bases, and the *K*~D~ values of the optimized versions are around 1 and 33 pM, respectively ([@B25],[@B26]). The optimization process includes stabilization by replacing A--T pairs with G--C in stem regions and by introducing an extraordinarily stable mini-hairpin DNA sequence ([@B27],[@B28]) at the 3′-termini and/or internal stem-loops (Figure [1](#F1){ref-type="fig"}) ([@B10],[@B25],[@B26]). Since the natural-base variants of these aptamers obtained by replacing the Ds bases with A bases exhibit reduced affinity, we can prepare a series of DNA aptamers with different affinities that bind to the same epitopes on target proteins, by replacing either one or two Ds bases with A bases. Here, we report the preparation of aptamer affinity rulers: two sets of DNA aptamers with various affinities (10^−12^ to 10^−8^ M) and different binding modes targeting VEGF~165~ and IFNγ. Although we still lack sufficient tertiary structure information for both aptamer−target complexes, the previous data revealed that the anti-IFNγ DNA aptamer involving the G-quartet that binds to one IFNγ molecule is univalent, and the anti-VEGF~165~ DNA aptamer that binds to one VEGF~165~ -dimer molecule is bivalent. Using these molecular affinity rulers, we evaluated the application of these aptamers to an enzyme-linked immunosorbent assay (ELISA) ([@B29]).

![Presumed secondary structures of optimized anti-VEGF~165~ and anti-IFNγ UB-DNA aptamers containing two Ds bases. The G--C pairs shown in blue are changed from the A--T pairs or newly added in each original aptamer selected by ExSELEX, to strengthen the stability of the aptamer stem region. Mini-hairpin DNA sequences (CGCGAAGCG or CGCGTAGCG) shown in red also contribute to enhance the thermal stability of each aptamer, without any loss of binding affinity to the target. The thymidines within the mini-hairpin DNA sequences are used as the biotinylation sites.](gkz688fig1){#F1}

ELISA is a fundamental and popular method for the quantitative detection of a wide range of targets with high sensitivity, with the use of antibodies. Its applications are not only limited to biochemical research but also extended to medicine, industrial quality-control testing and clinical diagnostics ([@B30]). In sandwich-type ELISA, a pair of antibodies is used: one (capture agent) is immobilized on a well to capture target epitopes and the other (detector agent) binds to different areas on the target for detection by coloration. The relationship between the antibody affinities and the target-detection sensitivities in ELISA has been reported ([@B31]). For example, the affinities of four anti-ABX10 antibodies (*K*~D~ = 0.057, 7.2, 30, 340 nM) correlated well with their sensitivities (LOD = 17, 26 000, 344 000 and 792 000 ng/ml, respectively) in ELISA as the bridging detector agents ([@B31]).

Besides antibodies, nucleic acid aptamers can also be used for ELISA. The first application of an anti-VEGF~165~ modified RNA aptamer (a prototype of Macugen) ([@B34]) in an ELISA format was reported in 1996, as an enzyme-linked oligonucleotide assay (ELONA) ([@B35]). Many aptamers have been tested and reported as alternatives to antibodies in ELISA and other biosensor formats ([@B21],[@B36]). However, the practical widespread use of aptamers in diagnostic areas is still limited, and no systematic characterization and validation of aptamers, especially regarding the affinities required for the sensitive detection of their targets, have been reported.

Using our aptamer sets with various affinities, we examined their target detection sensitivities and signal intensities via ELISA (or ELONA or enzyme-linked aptamer assay (ELAA)). A combination of aptamers and antibodies was employed as the capture and detector agents in the ELISA experiments. The data revealed that the affinities of the aptamers correlated well with their ELISA sensitivities, and aptamers with higher affinities exhibited better sensitivities and signal intensities. In ELISA with aptamer--antibody sandwich systems, DNA aptamers with *K*~D~ values lower than ∼10^−9^ M were required for the high sensitivities (LOD \< 10 pM) and sufficient signal intensities. Furthermore, using the molecular affinity rulers in ELISA, we found that the optimal concentration of the UB-DNA aptamers when used as capture agents was much lower than that of the non-UB-DNA aptamers: higher concentrations of the UB-DNA aptamer significantly reduced the signal intensities of the outputs, while their LODs were similar to those at the lower concentrations. By improving the immobilization method of the DNA aptamers, the signal intensity of the output even at the high concentration was greatly improved, not only for the UB-DNA aptamers but also for the non-UB-DNA aptamers. The data confirmed that the DNA aptamer sets could be useful as molecular affinity rulers to evaluate the aptamers' potential and to improve the methods and systems for diagnostic and therapeutic applications, as the first part of the screening and optimization process.

MATERIALS AND METHODS {#SEC2}
=====================

Reagents {#SEC2-1}
--------

The DNA fragments used in this study, listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, were chemically synthesized with an H8 DNA/RNA Synthesizer (K&A Laborgeraete), by using natural-base and biotin-dT phosphoramidites from Glen Research and a Ds phosphoramidite synthesized in-house, as described previously ([@B42]). The chemically synthesized DNAs were purified by denaturing gel electrophoresis. The mouse monoclonal anti-VEGF antibodies (clones 26503, VG76e, 16F1 and VG1) and anti-IFNγ antibodies (clones B133.5 and 2G1) were obtained from Thermo Fisher Scientific. Rabbit anti-biotin IgG (A150-109A) was purchased from Bethyl Laboratories, Inc. Recombinant human VEGF~165~ and IFNγ were obtained from PeproTech. The streptavidin-HRP conjugate (1 mg/ml) and the anti-mouse IgG HRP conjugate (1 mg/ml) were obtained from Jackson ImmunoResearch and Promega, respectively. Stock solutions (10×) for PBS and D-PBS(--) were obtained from Thermo Fisher Scientific and Nacalai Tesque, respectively. BSA, streptavidin, and Tween 20 were purchased from Promega. Nonidet P-40 was purchased from Nacalai Tesque. The TMB-substrate solution was purchased from KPL. Human serum (lot \# SLBS8635) was obtained from Sigma-Aldrich.

Biotinylation of antibodies {#SEC2-2}
---------------------------

For biotinylation, each antibody solution (1 μM in 1× PBS) was mixed with Thermo Scientific™ EZ-Link™ Sulfo-NHS-LC-Biotin (final concentration of 45 μM), and the mixture was incubated at room temperature for 20 min. The antibody was then recovered after desalting, using Amicon Ultra-0.5 Centrifugal Filter Units (MWCO: 50 000). The biotinylated antibody solutions in 1× PBS were kept at 4°C until use.

Surface plasmon resonance (SPR) analysis {#SEC2-3}
----------------------------------------

Binding affinity profiles were obtained at 25°C on a Biacore T200 (GE Healthcare) using running buffer composed of 1× PBS supplemented with 0.05% Nonidet P-40 (and additional 50 mM NaCl for anti-IFNγ aptamer analysis ([@B25])). For the immobilization of each ligand (aptamer variant or monoclonal antibody), we used streptavidin-coated sensor chips and immobilized biotinylated molecules on the flow cell, by injecting 0.5 nM of the ligand solution in running buffer at a flow rate of 0.5 μl/min. The injection times for immobilization were 60 sec for the anti-VEGF~165~ DNA aptamer variants, 480 sec for the anti-IFNγ DNA aptamer variants, 960 sec for B133.5 and 2G1 (mouse monoclonal anti-IFNγ antibodies), and 120 sec for 20653 (mouse monoclonal anti-VEGF~165~ antibody). Binding kinetic profiles were monitored by injecting at least five different concentrations of the analyte solutions (VEGF~165~ or IFNγ, 0.156--40 nM) for 150 sec (binding), at a flow rate of 100 μl/min. The analyte dissociation patterns were then recorded for 450 sec. To regenerate the ligand on the flow cell surface, denaturation solutions (50 mM NaOH for aptamers and 10 mM glycine, pH 2.5, for antibodies) were injected for 5 sec, and then the ligand was equilibrated in running buffer for 10 min. The kinetic parameters for the target binding, association rates (*k*~on~), dissociation rates (*k*~off~), and dissociation constants (*K*~D~ = *k*~off~/*k*~on~), were determined with the BIAevaluation software version 3.0, by using the double-reference subtraction method and global curve fitting (more than twice at each concentration) to a 1:1 Langmuir model.

Gel-mobility shift assay {#SEC2-4}
------------------------

The aptamer--protein complex formation was analyzed by gel electrophoresis. Each DNA aptamer variant (25 nM final concentration) was mixed with each target protein (50 nM final concentration) in 1× PBS supplemented with 0.05% Nonidet P-40 (20 μl solution). After an incubation at 25°C for 30 min, 5 μl of 25% glycerol was added and 6 μl portions of the solutions were immediately subjected to PAGE (8% polyacrylamide gel containing 5% glycerol in 0.5× TBE, with or without 3 M urea) at ∼30°C. The band patterns on the gels, stained with SYBR Gold, were detected with a bioimaging analyzer, LAS-4000 (Fuji Film).

Preparation of 96-well plates to immobilize/capture targets {#SEC2-5}
-----------------------------------------------------------

For the direct immobilization of the target, microtiter plates (MaxiSorp™ 96-well plates from Nunc) were coated for 2 h at room temperature with 100 μl/well of 0, 1.25, 5 or 20 nM VEGF~165~ or IFNγ solution, diluted with 1 μg/ml BSA in 0.1 M sodium carbonate buffer (pH 9.6). For the sandwich-type target immobilization, the plates were first coated with 50 μl/well of a 5 μg/ml solution of streptavidin or anti-biotin IgG (for use of aptamers as capture agents), or a 3 μg/ml solution of the respective monoclonal antibody (for use of aptamers as primary detector agents) in the carbonate buffer. The plates were blocked by filling the wells with 300 μl of 10 mg/ml (1%) BSA in 1× D-PBS(--) for at least 2 h at room temperature. When using aptamers as capture agents, streptavidin-coated wells were washed once with 200 μl of wash buffer (1× D-PBS(--) with 0.05% Tween 20), and then incubated with 100 μl of aptamer variant solution (1--150 nM) in binding buffer (1× D-PBS(--) with 0.05% Tween 20 and 0.1% BSA) at room temperature for 30 min. The aptamer or antibody-coated wells were washed three times with 200 μl of washing buffer. The wells were then incubated with 100 μl of target solutions (10, 50 or 250 pM, or serial 2-fold dilutions to determine the limit of detection (LOD)) in binding buffer for 30 min at room temperature, followed by one wash with 200 μl of washing buffer.

ELISA/ELONA detection process {#SEC2-6}
-----------------------------

To each well, 100 μl of 10 nM of primary detector solution (aptamer, non-biotinylated monoclonal antibody or biotinylated monoclonal antibody) in binding buffer was added and incubated for 30 min (for sandwich-type target immobilization) or for 60 min (for direct target immobilization). After washing the wells once, 100 μl of secondary detector solution (Streptavidin--HRP conjugate for biotinylated primary detector or anti-mouse IgG HRP conjugate, diluted to 1:20 000 with binding buffer) was added to each well, and then incubated for 30 min. After washing the wells six times, 100 μl/well of TMB-substrate solution was added and incubated for 15 min, unless otherwise indicated. After adding 100 μl of 0.1 M HCl to the well to stop the reaction, the absorbance of the wells at 450 nm (OD~450~) was measured on a multimode plate reader (TECAN INFINITE 2000 or BioTek Cytation 3). The assays under each condition were performed at least in duplicate (*n* ≥ 2), and the average absorbance data (combined from several independently repeated experiments) are shown in the graphs with error bars, which represent one standard deviation.

RESULTS {#SEC3}
=======

Preparation of molecular affinity rulers: a series of DNA aptamer sets with different *K*~D~ values to their same targets {#SEC3-1}
-------------------------------------------------------------------------------------------------------------------------

Previously, we reported the optimized anti-VEGF~165~ and anti-IFNγ aptamers containing two unnatural Ds bases (V-Apt1 (DD) and I-Apt1 (DD) in Figure [1](#F1){ref-type="fig"}), in which an extraordinarily stable mini-hairpin sequence, CGCG(A/T)AGCG, was introduced ([@B22],[@B25],[@B26]). To prepare each set of aptamers with various *K*~D~ values, we chemically synthesized their aptamer variants by replacing one or two Ds bases with A bases (Figure [2](#F2){ref-type="fig"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). To use these aptamers as capture or detector agents in ELISA/ELONA assays, we conjugated biotin to position 5 of the T (U) base in the tri-nucleotide loop of the mini-hairpin DNA sequence ([@B27],[@B28]) at the 3′-end, where the modification would not disturb the aptamer\'s binding to the target ([@B25],[@B26]). To increase the stabilities against thermal denaturation and enzymatic degradation, the mini-hairpin DNA sequence ([@B27],[@B28]) was also introduced to the internal hairpin regions of the I-Apt aptamers ([@B25]).

![Molecular affinity rulers: distribution of the target affinities of the anti-VEGF~165~ and anti-IFNγ aptamer variants. By replacing Ds with A, a series of aptamer variants was prepared with few structural changes (see [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The binding affinity parameters for the variants were determined by a Biacore T200 analysis (see [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The sequence of each aptamer variant is listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.](gkz688fig2){#F2}

The secondary structures of the aptamers shown in Figure [1](#F1){ref-type="fig"} were predicted by the co-variation data from the doped ExSELEX and by chemical and enzymatic probing ([@B22]). Our V-Apt1 data imply that each site of positions 11--26 and positions 32--45 binds to each molecule of the VEGF~165~ dimer, and thus the V-Apt series molecules are bivalent aptamers, like antibodies. The I-Apt series bind to IFNγ as a 1-to-1 complex as univalent binders, and our data indicate that the four G-tracts in the loop region of I-Apt form a G-quartet structure (data not shown).

First, we measured the binding parameters (*k*~on~, *k*~off~, and *K*~D~) of each aptamer variant to the target proteins by an SPR analysis ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Figure [2](#F2){ref-type="fig"} illustrates the distribution of the binding affinities (*K*~D~ values) for the tested aptamer variants. In the anti-VEGF~165~ aptamer variant set, V-Apt2 (AD), in which the unnatural Ds base at position 25 was replaced with A, exhibited a slightly higher *K*~D~ value of 2.0 pM than that of the original V-Apt1 (DD) aptamer (1.6 pM). In contrast, the Ds→A replacement at position 34 in V-Apt3 (DA) significantly increased the *K*~D~ value from 1.6 pM in V-Apt1 (DD) to 58 pM in V-Apt3 (DA). In the anti-IFNγ aptamer variant set, the Ds→A replacement at position 39 greatly affected the affinity of the aptamer variant, as compared to the replacement at position 28. Overall, the Ds→A replacement reduced both of the aptamers' *k*~on~ and *k*~off~ values.

Next, we measured the thermal stability of these aptamer variants. Previously, we reported that the Ds→A replacement reduced the thermal stability of DNA aptamers, as well as their affinity. For example, the *T*~m~ values of the anti-IFNγ UB-DNA aptamer (without the mini-hairpin sequence) and its Ds→A variant were 37.6 and 33.1°C, respectively ([@B22]). This stability difference around 37°C might affect their sensitivity in the ELISA. Therefore, we introduced the mini-hairpin sequence to all of the DNA aptamers and variants. As a result, the *T*~m~ values of I-Apt1 (DD), I-Apt2 (AD), I-Apt3 (DA), and I-Apt4 (AA) increased to 66, 63.5, 64 and 60°C, respectively. The *T*~m~ values of the V-Apt series also increased to 81, 79.6, 80, and 78.6°C for V-Apt1 (DD), V-Apt2 (AD), V-Apt3 (DA) and V-Apt4 (AA), respectively. All of the melting curves below 40°C were quite similar, indicating that all of the aptamer variants form similar structures under the ELISA/ELONA or other aptamer-usage conditions ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Finally, we prepared two sets of thermally stable aptamer variants with various *K*~D~ values, ranging from 1.6 pM to 0.16 nM targeting VEGF~165~ as a bivalent binder and from 13 pM to 16 nM targeting IFNγ as a univalent binder (Figure [2](#F2){ref-type="fig"}). The natural-base-DNA aptamers, V-Apt4 (AA) and I-Apt4 (AA), with *K*~D~ values of 0.16 and 16 nM, respectively, are representatives of the conventional DNA aptamers. These sets can be used as molecular affinity rulers.

Gel-mobility shift assay using the molecular affinity rulers {#SEC3-2}
------------------------------------------------------------

We demonstrated the properties of the molecular affinity rulers by estimating the detection sensitivity of aptamer−protein complexes by a conventional gel-mobility shift assay. Each target protein was mixed with each aptamer or the variant, and the mixture was electrophoresed under gel conditions in the absence or presence of 3 M urea (Figure [3](#F3){ref-type="fig"}). In general, the V-Apt series yielded larger shifted bands, as compared to those of the I-Apt series. In both sets, the aptamers with *K*~D~ values less than hundreds of pM exhibited clear shifted bands. Under the 3 M urea conditions, the shifted band densities of not only I-Apt3 (DA) and I-Apt4 (AA) but also I-Apt2 (AD) were significantly reduced. The 3 M urea conditions destabilize the aptamer structures as well as the interactions with their target proteins. Since the *T*~m~ values of the I-Apt series were lower than those of the V-Apt series, the 3 M urea treatment might affect I-Apt more than V-Apt. Overall, the densities of the shifted bands correlated with the aptamer affinities and thermal stabilities, and DNA aptamers with *K*~D~ values less than 10^−9^ M gave clear shifted bands under the native gel conditions.

![Gel-mobility shift assays of the aptamer−protein complexes using anti-VEGF~165~ and anti-IFNγ aptamer variants. The complexes between each aptamer variant and its target protein were separated from the free aptamer on 8% polyacrylamide gels in the absence and presence of 3 M urea (the upper and lower panels, respectively). The DNA bands on the gels were stained with SYBR Gold and detected by a bioimager.](gkz688fig3){#F3}

Detection of target proteins using aptamer variants as primary detector agents in ELONA {#SEC3-3}
---------------------------------------------------------------------------------------

Prior to performing the sandwich method, we examined one of the ELONA formats, in which the target proteins are directly immobilized on the plate surface, each biotinylated aptamer variant is added to bind to the targets, and the targets are detected using the streptavidin--HRP conjugate reagent for the colorimetric output of TMB (Figure [4](#F4){ref-type="fig"}). All of the anti-VEGF~165~ aptamer variants detected the target protein at different protein concentrations, but with varying detection sensitivities (Figure [4](#F4){ref-type="fig"}, left graph). For example, at a target concentration of 5 nM, V-Apt1 (DD) showed the highest binding signal, followed by V-Apt2 (AD), V-Apt3 (DA) and then V-Apt4 (AA). The order correlated well with the binding capability of each aptamer variant (Figure [2](#F2){ref-type="fig"}).

![Detection of the target proteins using aptamer variants as the primary detector agents in ELONA. The target was directly immobilized on the plate surface by an incubation with the target solution (100 μl per well) at each indicated concentration, in the presence of 1 μg/ml of BSA in 0.1 M carbonate buffer (pH 9.6), for 2 h. After the incubation, the plate surfaces were further coated with blocking solution (1% BSA in 1× [d]{.smallcaps}-PBS(--), 300 μl per well) for 2 h. After the blocking reaction, 100 μl of the detector solution (10 nM each aptamer derivative in 1× binding buffer) was added to each well and then the binding reaction was performed for 30 min. After the incubation, 100 μl of the secondary detector solution (50 ng/ml HRP-conjugated streptavidin in 1× binding buffer) was added to each well, and then incubated for 30 min. After washing the wells, the TMB reaction (100 μl per well) was performed for 5 min (left, VEGF~165~) or 15 min (right, IFNγ). The sample size is two per each combination set, and the error bars represent one standard deviation. The bars with wavy lines indicate that at least one of the two sample wells showed overflow (OD~450~ \> 4.000).](gkz688fig4){#F4}

In the IFNγ detection with the same method, only I-Apt1 (DD) detected the immobilized IFNγ with reasonable signal sensitivity, while the other Ds→A variants hardly detected the target (Figure [4](#F4){ref-type="fig"}, right graph). Only a 20 nM target concentration of I-Apt2 (AD) marginally detected IFNγ. Overall, the sensitivities of the aptamer variant series correlated with their binding affinities (*K*~D~ values): high-affinity bivalent aptamers (V-Apt) with *K*~D~ values less than nM to target dimeric proteins, and univalent aptamers (I-Apt) with *K*~D~ values less than several 10 pM to target monomeric proteins, were required for practical use. The tendencies were very similar to those obtained using antibodies: antibody 26503 (*K*~D~ = 58 pM) efficiently detected VEGF~165~, and IFNγ was detectable by antibody B133.5 (*K*~D~ = 66 pM), but less by antibody 2G1 (*K*~D~ = 0.28 nM) ([Supplementary Figures S1 and S3](#sup1){ref-type="supplementary-material"}). In general, the sensitivity of this method via the direct immobilization of target molecules is low and its application is limited, and thus, we next examined the sandwich-type method using aptamer--antibody combinations.

Monoclonal antibodies and aptamers as a pair for sandwich-type target detection {#SEC3-4}
-------------------------------------------------------------------------------

We tested sandwich-type ELISA/ELONA formats using a monoclonal antibody (mAb) and our aptamer variant as a pair. To find suitable pairs of antibodies and our aptamer variants, we screened commercially available monoclonal antibodies (mAbs): 26503, VG76e, 16F1 and VG1 for VEGF~165~ and B133.5 and 2G1 for IFNγ, by a gel-mobility shift assay in combination with V-Apt1 (DD) and I-Apt1 (DD) ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). In the gel-mobility shift assay, we detected the aptamers by staining with SYBR Gold, and confirmed that 26503 for VEGF~165~ and 2G1 and B133.5 for IFNγ were present in the higher shifted bands corresponding to the ternary complexes containing the target protein, antibody, and aptamer, relative to the aptamer--protein complex bands shown in Figure [3](#F3){ref-type="fig"}. Interestingly, 2G1 and B133.5 have previously been used as an antibody--antibody sandwich pair. Thus, the DNA aptamer, I-Apt1 (DD), and two mAbs, 2G1 and B133.5, bind to different areas of IFNγ. For VEGF~165~, only 26503 was obtained in the ternary complex band, and thus it can be used as the pair of V-Apt1 (DD). The use of mAb 26503 in ELISA has been reported in combination with a modified RNA aptamer binding to the heparin-binding domain of VEGF~165~ ([@B35]). Since V-Apt1 (DD) also binds to the heparin-binding domain of VEGF~165~, 26503 can be used as the pair of our anti-VEGF~165~ aptamer variants.

For the aptamer evaluation in the sandwich-type ELSA format, we focused on two factors: LOD as detection sensitivity and colorimetric OD~450~ as signal intensity. We determined the LODs by performing each set of independent experiments (refer to [Supplementary Figures S7--S10](#sup1){ref-type="supplementary-material"}). The signal intensities were evaluated by the OD~450~ values with a series of target protein concentrations (0, 10, 50 and 250 pM) in ELISA.

Sandwich-type detection of the target proteins using aptamer variants as primary detector agents {#SEC3-5}
------------------------------------------------------------------------------------------------

In the sandwich-type ELISA, we first used the mAbs (26503 for VEGF~165~ and B133.5 for IFNγ) as the capture agents for the immobilization of the target proteins and the aptamer variants as the primary detector agents. The target protein solution was added to the immobilized mAbs on the plate, and after washing the complex, each aptamer variant was added, followed by mixing with the Streptavidin--HRP conjugate reagent for the colorimetric detection. The detection sensitivity (LOD) of each aptamer correlated well with its signal intensity (OD~450~). In addition, the detection sensitivities and signal intensity patterns of each target protein (Figure [5](#F5){ref-type="fig"}) also correlated well with the respective aptamer\'s binding affinities, similar to the direct ELISA/ELONA assay (Figure [4](#F4){ref-type="fig"}), but with greatly increased sensitivities. In the VEGF~165~ detection using mAb 26503 as the capture agent, V-Apt1 (DD) and V-Apt2 (AD), which have similar affinities, exhibited nearly the same detection sensitivities (LOD = 0.23 pM). Overall, the aptamer variants (V-Apt4, I-Apt3, and I-Apt4) with *K*~D~ values more than hundreds of pM (\>10^−10^ M) exhibited significantly reduced signal intensities. Therefore, when aptamers are used as primary detector agents, the required affinities are lower than 10^−10^ M of *K*~D,~ for the high sensitive ELISA format with LODs lower than several pM and reliable signal intensities. In addition, there was no significant difference between the bivalent V-Apt and univalent I-Apt aptamers in terms of their detection sensitives and signal intensities.

![Sandwich-type detection by each aptamer variant as the detector agent in the combination of the pairing monoclonal antibody (mAb) as the capture agent (**A**) and by the antibody--antibody pair (**B**). The target was indirectly immobilized on the plate surface via each corresponding mAb as the capture agent, by an incubation with the target solution (100 μl per well, in 1 × binding buffer) at each indicated concentration. After the indirect immobilization, 100 μl of the detector solution (10 nM each aptamer variant or biotinylated mAb in 1× binding buffer) was added to each well and then the binding reaction was performed for 30 min. After the incubation, 100 μl of the secondary detector solution (50 ng/ml HRP-conjugated streptavidin in 1× binding buffer) was added to each well, followed by an incubation for 30 min. After washing the wells, the TMB reaction (100 μl per well) was performed for 15 min. The sample size is two per each combination set, and the error bars represent one standard deviation. The bars with wavy lines indicate that at least one of the two sample wells showed overflow (OD~450~ \> 4.000).](gkz688fig5){#F5}

The sensitivities (LOD = 0.21--0.76 pM) of antibody--antibody pairs using 2G1 and B133.5 to IFNγ (Figure [5B](#F5){ref-type="fig"}) were as high as those (LOD = 0.18--0.23 pM) of aptamer--antibody pairs using V-Apt1, V-Apt2 or I-Apt1 (Figure [5A](#F5){ref-type="fig"}), indicating that the higher affinities (*K*~D~ of lower than ten pM) of the aptamers were required for the sufficient sensitivities, as compared to those of the antibodies (*K*~D~ = 66--280 pM). In addition, the signal intensity (OD~450~) for the VEGF~165~ detection, using V-Apt3 (58 pM) as the detector agent and mAb 26503 (58 pM) as the capture agent, was similar to that for the IFNγ detection using the antibody−antibody combination, in which the mAbs 2G1 (280 pM) and B133.5 (66 pM) were used as the detector and capture agents, respectively. Similarly, the intensity for the VEGF~165~ detection using V-Apt1 or 2 (1.6 or 2.0 pM) as the detector agents and mAb 26503 (58 pM) as the capture agent was similar to that for the IFNγ detection using mAb B133.5 (66 pM) as the detector agent and mAb 2G1 (280 pM) as the capture agent. These results indicate that around 5−30-fold higher affinities (58 versus 280 pM and 2 versus 66 pM) of the DNA aptamers are required for their use as the detector agents, as compared to the antibodies, when focusing on the affinities of the detector agents.

In ELISA/ELONA using the combination of the aptamer as the detector agent and the antibody as the capture agent, the antibody affinities were also important for the sensitivities. B133.5 (66 pM) as a capture agent exhibited higher sensitivity for IFNγ detection, as compared to that of 2G1 (280 pM), in which the synergetic effect with the aptamer affinities was observed ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). In addition, increasing the concentrations of the low-affinity detector aptamers slightly improved the signal intensities ([Supplementary Figures S6 and S7](#sup1){ref-type="supplementary-material"}).

Sandwich-type detection of the target proteins using aptamer variants as capture agents {#SEC3-6}
---------------------------------------------------------------------------------------

Next, we examined the effectiveness of the combination of the aptamer variants as the capture agents and the antibodies as the detector agents. Each aptamer solution (1 or 150 nM) was dispensed onto a plate coated with a streptavidin layer for immobilization. After washing the plate to remove the unbound aptamers, the target protein was added. After another wash of the plate, the primary detector mAb was added, and the signal was detected using the secondary anti-mouse IgG HRP-conjugated antibody (Figure [6](#F6){ref-type="fig"}).

![Sandwich-type detection by each aptamer variant as a capture agent. The aptamer was immobilized on the plate surface coated with streptavidin, by an incubation for 30 min at 1 nM or 150 nM in 1× binding buffer (100 μl per well). The target binding was then performed by an incubation with the target solution (100 μl per well, in 1× binding buffer) at each indicated concentration. After the aptamer-target binding, 100 μl of the detector solution (10 nM each monoclonal antibody in 1× binding buffer) was added to each well and the plate was incubated for 30 min. After the incubation, 100 μl of the secondary detector solution (50 ng/ml HRP-conjugated anti-mouse IgG antibody in 1× binding buffer) was added to each well, followed by an incubation for 30 min. After washing the wells, the TMB reaction (100 μl per well) was performed for 15 min. The sample size is two per each combination set, and the error bars represent one standard deviation.](gkz688fig6){#F6}

When low concentrations (1 nM) of the aptamer solution were used for immobilization, both VEGF~165~ and IFNγ could be reliably detected by the respective aptamer variants with *K*~D~ values lower than several tens of pM (Upper panels in Figure [6](#F6){ref-type="fig"}). The detection sensitivities and signal intensities of each aptamer variant again correlated well with the respective aptamer affinities. Surprisingly, when higher concentrations (150 nM) of the aptamer solution were used for immobilization, the opposite tendency in signal intensities was observed in the affinity-detection relationship (Lower panels in Figure [6](#F6){ref-type="fig"}). Most of the DNA aptamers containing Ds bases, including V-Apt1 (DD), V-Apt2 (AD), I-Apt1 (DD) and I-Apt2 (AD), showed reductions in their signal intensities when higher aptamer concentrations were used for immobilization. In contrast, the weakest binders, V-Apt4 (AA) and I-Apt4 (AA), as well as V-Apt3 (DA), showed increased signal intensities when higher concentrations of aptamers were immobilized. Although the LODs of the high-affinity aptamers were identical between the two concentrations (1 and 150 nM), the LODs of the low-affinity aptamers were greatly improved by increasing their concentrations ([Supplementary Figures S8 and S10](#sup1){ref-type="supplementary-material"}).

To investigate this unusual dependency of the immobilized aptamer sensitivities and intensities on the high concentrations of the immobilized aptamers, we examined the signal intensities of the strongest V-Apt1 (DD) and I-Apt1 (DD) and the weakest V-Apt4 (AA) and I-Apt4 (AA) aptamer variants with various amounts of immobilized aptamers, by preparing the plates using different aptamer concentrations ranging from 1 nM to 150 nM (Figure [7](#F7){ref-type="fig"}). The low-affinity aptamers, V-Apt4 (AA) and I-Apt4 (AA), showed the usual tendency: their signal intensities increased with higher immobilized aptamer densities, although the optimized concentrations of the aptamers for the plate preparation were ∼5 nM for V-Apt4 (AA) and ∼15 nM for I-Apt4 (AA) (Lower panels in Figure [7](#F7){ref-type="fig"}). In contrast, the signal intensities of the high-affinity Ds-DNA aptamers, V-Apt1 (DD) and I-Apt1 (DD), decreased with increasing immobilized aptamer densities (Upper panels in Figure [7](#F7){ref-type="fig"}). The optimized concentrations of these aptamers for the plate preparation were ∼1 nM for V-Apt1 (DD) and I-Apt1 (DD).

![Concentration dependency of each aptamer variant as a capture agent in sandwich-type detection. Different concentrations (0.5--150 nM in 1× binding buffer, 100 μl per well) of the aptamer were immobilized on the plate surface coated with streptavidin, by an incubation for 30 min. The target binding was then performed by an incubation with the target solution (100 μl per well, in 1× binding buffer) at each indicated concentration. After the aptamer--target binding, 100 μl of the detector solution (10 nM each monoclonal antibody, 26503 for VEGF~165~ and B133.5 for IFNγ, in 1× binding buffer) was added to each well and the plate was incubated for 30 min. After the incubation, 100 μl of the secondary detector solution (50 ng/ml HRP-conjugated anti-mouse IgG antibody in 1× binding buffer) was added to each well, followed by an incubation for 30 min. After washing the wells, the TMB reaction (100 μl per well) was performed for 15 min. The sample size is two per each combination set, and the error bars represent one standard deviation.](gkz688fig7){#F7}

We presumed that this unusual phenomenon of the high-affinity Ds-DNA aptamers resulted from the intermolecular interactions between the immobilized aptamers, which prevented their binding to the target proteins. Although the aptamer-aptamer interactions were observed with high concentrations of the conventional aptamers, such as V-Apt4 (AA) and I-Apt4 (AA), the interactions between the hydrophobic Ds bases in each Ds-DNA aptamer were enhanced in an aqueous solution when the aptamer-aptamer distances were shorter on the two-dimensional plate. In addition, streptavidin has four binding sites for biotin, and thus the biotinylated aptamers might be immobilized quite closely to each another.

Based on this presumption, we improved the immobilization method by coating the plates with anti-biotin IgG, instead of streptavidin. Although IgG has two binding sites, the size of the IgG (∼150 kDa) is larger than that of the tetrameric streptavidin (53 kDa). Thus, the biotinylated aptamers that bind to the anti-biotin IgG have sufficient distance from one another, which might prevent the intermolecular aptamer-aptamer interaction. We immobilized the aptamers using 150 nM aptamer solutions on the anti-biotin-IgG-coated plates. As expected, this immobilization method greatly increased the signal intensities of all of the aptamers (Figure [8](#F8){ref-type="fig"} and [Supplementary Figures S9 and S10](#sup1){ref-type="supplementary-material"}). The results also revealed that the capture aptamers in this immobilization method were more tolerant of wider affinity ranges, as compared the detector aptamers in the ELISA/ELONA system. This method greatly improved the LODs even for the low-affinity aptamers, such as V-Apt4 (AA), I-Apt3 (DA) and I-Apt4 (AA), with *K*~D~ values ranging 0.16−16 nM. In addition, the ELISA format using the bivalent V-Apt aptamers exhibited higher detection sensitivities and signal intensities than that using the univalent I-Apt aptamers, when these aptamers were used as capture agents.

![Sandwich-type detection by each aptamer variant as a capture agent, immobilized via anti-biotin IgG. The aptamer (150 nM in 1× binding buffer) was immobilized on the plate surface coated with anti-biotin IgG, by an incubation for 30 min (100 μl per well). The target binding was then performed by an incubation with the target solution (100 μl, in 1× binding buffer per well) at each indicated concentration. After the aptamer-target binding, 100 μl of the detector solution (10 nM each monoclonal antibody in 1× binding buffer) was added to each well and the plate was incubated for 30 min. After the incubation, 100 μl of the secondary detector solution (50 ng/ml HRP-conjugated anti-mouse IgG antibody in 1× binding buffer) was added to each well, followed by an incubation for 30 min. After washing the wells, the TMB reaction (100 μl per well) was performed for 15 min. The sample size is *n* = 2, and the error bars represent one standard deviation.](gkz688fig8){#F8}

We also examined the concentration dependency of the monoclonal antibodies, when used as the capture agents. For the experiments, we tested the combinations of the capture antibodies and the detector aptamers, 26503 and V-Apt1 (DD) for VEGF~165~ and B133.5 and I-Apt1 (DD) for IFNγ. As shown in [Supplementary Figure S11](#sup1){ref-type="supplementary-material"}, the tendency was similar to that of the conventional aptamers, V-Apt4 (AA) and I-Apt4 (AA). In both assays, the signal increased with higher concentrations of the capture antibody, from 2.5 to 20 nM, showing that the signal intensities increase along with higher concentrations of the capture agent.

Finally, we examined the practical utility of the ELISA/ELONA system using our affinity molecular rulers for blood tests. In diagnostics to detect some antigens in human fluids, human serum or plasma are commonly used as test samples. If the samples include some binders to the antigen (specific or non-specific, including antibodies to the antigens), then the detection of the antigens might be competitively inhibited ([@B43]). Since all of our preliminary experiments were performed in buffer, we examined the detection of the V-Apt and I-Apt sets as the capture agents in the presence of human serum (10%). In the experiments, each biotinylated aptamer was immobilized on the streptavidin-coated plate using the low aptamer concentration solution (1 nM). The high-affinity Ds-DNA aptamers, V-Apt1 (DD), V-Apt2 (AD) and I-Apt1 (DD), were robust under the serum conditions ([Supplementary Figure S12](#sup1){ref-type="supplementary-material"}). However, using the low-affinity aptamers, the 10% human serum conditions reduced the signal intensities in ELISA.

DISCUSSION {#SEC4}
==========

We developed molecular affinity rulers: two sets of Ds-DNA aptamer variants with a diverse range of affinities to the same area on the target proteins. These molecular affinity rulers can easily be prepared by replacing UBs with natural bases in optimized UB-DNA aptamers. Using the molecular affinity rulers, we examined the relationship between the aptamers' affinities and their detection sensitivities in ELISA/ELONA formats. The detection sensitivities correlated well with the affinities (*K*~D~ values) of the aptamer variants. As the detector agents in ELISA/ELONA, aptamers with *K*~D~ values lower than several tens of pM are necessary for highly sensitive detection, but as the capture agents, aptamers with several nM *K*~D~ values could be used when the immobilization density was optimized. For the evaluation, we should consider both of these two factors, detection sensitivities (LOD) and signal intensities (OD~450~). When using I-Apt3 as detector agents, the ELISA format exhibited a relatively high LOD (5.7 pM), but the signal intensities were not reliable in view of the errors (Figure [5](#F5){ref-type="fig"}).

A similar tendency in the relationship between the aptamer affinities and the ELISA sensitivities/intensities was also found in the antibody-antibody pairs using 2G1 (280 pM) and B133.5 (66 pM) for IFNγ detection. The detection sensitivity when using 2G1 as the capture agent and B133.5 as the detector agent was higher than that using B133.5 as the capture agent and 2G1 as the detector agent (Figure [5](#F5){ref-type="fig"} and [Supplementary Figures S7 and S10](#sup1){ref-type="supplementary-material"}). Thus, in the ELISA/ELONA format, stronger and weaker binders should be chosen as the detector and capture agents, respectively.

The molecular affinity rulers are also useful to improve the detection systems. As shown in Figures [7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}, the improvement of the immobilization method for the DNA aptamers greatly increased the detection sensitivities and signal intensities. When using the aptamers as the capture agents, we found that the immobilization method using the biotinylated aptamers on the anti-biotin-IgG-coated plate prevents the intermolecular aptamer-aptamer interaction, which significantly increases the ELISA/ELONA sensitivities. Using this immobilization method, both high-affinity Ds-DNA aptamers and low-affinity non-UB-DNA aptamers with nM-range *K*~D~ values can be applied to highly sensitive ELISA/ELONA formats as capture agents. In our experiments, we used rabbit anti-biotin IgG for the plate coating, and found that it increased the background levels in comparison with those of the streptavidin-coated plate. Since the increased background was mainly due to the cross binding of the secondary detection antibody (data not shown), the optimization of the secondary detection antibody concentration was required to increase the signal-to-noise ratios (in this case, 1:20 000). Alternatively, the use of a cross-absorbed anti-mouse IgG HRP conjugate would be helpful to reduce the background level further.

When comparing the similar-affinity aptamer variants, such as V-Apt3 (DA) (58 pM) and I-Apt2 (AD) (55 pM), we found that V-Apt3 (DA) exhibited much higher sensitivity than I-Apt2 (AD) for the target detection, especially when directly immobilizing the target proteins or using aptamers as capture agents. The higher sensitivities of V-Apt than those of I-Apt were also observed in the gel-mobility shift assay of the aptamer−protein complexes (Figure [3](#F3){ref-type="fig"}). The difference results from the different binding modes of the bivalent anti-VEGF~165~ and univalent anti-IFNγ aptamers to their target proteins. While one anti-IFNγ aptamer binds to one monomer IFNγ, one anti-VEGF~165~ aptamer might bind to the dimeric structure of VEGF~165~. These results and our improved immobilization method of the DNA aptamers using anti-biotin antibodies support high potential of several types of dimeric aptamer structures, such as aptabodies and oligobodies ([@B44]). Thus, our molecular affinity rulers are two representatives with different binding mode properties, univalent one-to-one or bivalent one-to-two, between aptamers and target molecules.

In general, the target specificity of nucleic acid aptamers is higher than that of antibodies. However, generating two aptamers that bind to one protein target is not still popular for sandwich-type assay platforms ([@B48]). Thus, the antibody--aptamer combination could be powerful in specific detection and diagnostic methods. Such methods will require high-affinity DNA aptamers. However, DNA aptamers and their detection devices still have room for further improvement to increase their abilities, such as sensitivity. For this purpose, our evaluation method using the aptamer sets with a diverse range of *K*~D~ values is useful as a molecular affinity ruler for estimating the required aptamer affinities and their device sensitivities for practical uses in various assay formats.
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